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Monday, February 17, 2014 379athese questions we develop a reaction based minimal model of the exponen-
tially growing E. coli in a glucose medium.
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Reactive oxygen species (ROS) are produced following activation of several
types of cell surface receptors and can play an important role in modulating
cell signaling. How simultaneous oxidative modifications of multiple pro-
teins, sometimes with potentially opposite effects, regulate cell signaling
is not well understood at the system level. We are using computational
modeling based on quantitative experimental measurements to develop a sys-
temic understanding of redox regulation of cell signaling in the context of the
IL-4 signaling pathway. We observe that IL-4 signaling in Jurkat cells is
accompanied by transient ROS production, and ROS augment signaling ac-
tivity as measured by STAT6 phosphorylation. A number of candidate
redox-regulated mechanisms exist in the IL-4 pathway that could contribute
to the observed outcomes; however, it is technically challenging to directly
measure redox modifications of the possibly redox-regulated proteins. To
circumvent this issue, we have developed kinetic models of IL-4 signaling
that incorporate competing hypotheses regarding redox regulatory mecha-
nisms. With the guidance of measurable experimental data we are using inno-
vative model selection strategies to determine the best candidate models. We
have also acquired time course data for processes not directly related to redox
regulation, such as transcriptional negative feedback regulation and proteaso-
mal degradation as mechanisms for downregulating IL-4 signaling, that aid
model selection and validation. Our results so far indicate that reversible
oxidative inhibition of phosphatases and compartmentation of phosphatase
activity between subcellular compartments may be the primary redox
regulatory mechanisms in IL-4 signaling. These studies will help evolve an
understanding of how oxidative modifications of different components of
the signaling pathway operate in parallel along with better studied post-
translational modification mechanisms of protein regulation to determine
the overall dynamics of cell signaling.
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Many biological reaction networks are intrinsically stochastic due to random
thermal fluctuations. Stochasticity is significant when the copy number of
participating molecular species are small. The discrete Chemical Master Equa-
tion (dCME) provides a general framework to study the underlying stochastic
processes of biological networks. Although the direct solution of dCME is ad-
vantageous over approximation methods such as the Langevin and the Fokker-
Planck equations, it is challenging to obtain exact solution to the dCME. The
Finite Buffer dCME Method provides an optimal algorithm to enumerate the
underlying state space, and has been used to compute the exact solutions of
dCME for several problems. In this study, we extend the finite buffer method
by introducing multiple buffer queues for more effective construction of the
state space and for quantitative control of errors, when buffer sizes are limited.
By introducing the concept of open Independent Birth-Death (IBD) units,
which are non-intersecting sets of reactions grouped by common synthesis
and degradation reactions, we can enumerate the state space optimally and
assess errors for each open IBD from the probability of buffer depletion,
when the buffer size is limited. We also describe theoretical estimation of
the error bound for any given buffer size of an IBD, so its buffer size can be
optimized. We demonstrate the effectiveness of our approach in computing
time-evolving and steady state probability landscapes, as well as first passage
time distribution using the birth-death process, the bistable Schlogl model,
the bistable toggle switch model, and the phage lambda lysogenic-lytic switch-
ing model as examples. We also compare our results with those using other
methods.
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Prokaryotic cells often utilize a MinCDE oscillatory system to locate the mid-
cell location for symmetric cell division. Several diffusion-reaction basedmodels have been developed to explain the occurrence of the sustainable oscil-
lation of Min proteins from pole to pole, and extensive efforts have been
devoted to understanding the patterns of oscillation and the precision of the
designated mid-cell location. However, how this highly dissipative yet vital
biological oscillation is driven by energy-bearing molecules is left uninvesti-
gated. We address this fundamental question by studying the MinCDE oscil-
lator in Escherichia coli. We assess the oscillator’s performance of spatially
differentiating mid-cell region from the rest of cell body, and further relate
this quantified performance to the amount of dissipated energy as well as the
stage of cell growth. Unlike the two adaptive reaction networks (Negative-
Feedback-Loop and Feedfoward-Loop) whose performances get monotonically
improved upon larger energy input, the MinCDE oscillator shows nonmono-
tonic performance-to-cost relation that depends on the reaction rates and the
cell length. Our analysis further indicated that this oscillator operates optimally
at cell length around 4 micro-meters and to achieve the best performance, en-
ergy is dissipated unevenly through the reaction pathway with the largest dissi-
pation at immobilizing MinD and hydrolyzing ATP. These results present a
novel mode of converting biochemical energy into spatiotemporal information
in living systems and suggest that the MinCDE oscillator in prokaryotic cells
are highly optimized both functionally and energetically to ensure high fitness
under natural selection.
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Cell fate decisions during embryonic development and tumorigenesis pose a
major research challenge in modern developmental and cancer biology. Cell
fate decisions between different phenotypes (e.g. epithelial, mesenchymal
and epithelial/mesenchymal hybrids) are regulated by multistable gene circuits
that give rise to the coexistence of several stable states (phenotypes). Internal
and external noise play crucial role in determining the transitions between
and the relative stability of the coexisting phenotypes. The deterministic dy-
namics of these circuits is not derivable from a potential. Yet, motivated by
Waddington Epigenetic Landscape, many rely on the notion of effective poten-
tial to describe cell fate determination in the presence of noise. Here, we present
a construction of a self-consistent landscape (effective potential, W¼ -ln(prob-
ability)), utilizing the Eikonal equation approach (WKB approximation of the
corresponding Fokker Planck equation) for the cases of white noise and shot
noise. The approach is based on utilizing the method of characteristics in a spe-
cial way, which is illustrated for the concrete examples of the bistable and tri-
stable double inhibition circuits. We also deviced a numerical method to
efficiently calculate the contour of the potential and the optimal path for the
transitions from one stable state to another. We tested the method on the bista-
ble and tristable double inhibition circuits, and we showed that the constructed
landscape agrees very well with the numerical simulation of the stochastic
equations. We expect this method to be valuable to a wide range of multistable
gene circuits.
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Cell fate decisions during embryonic development and tumorigenesis pose a
major research challenge in modern developmental and cancer biology. Cell
fate decisions between different phenotypes are regulated by multistable
gene circuits that give rise to the coexistence of several stable states (pheno-
types). GTPases are molecular switches, which toggle between GTP-bound
active state and GDP-bound inactive state. GTPase-based gene regulatory cir-
cuits play a crucial role during embryonic development and tumorigenesis. An
archetypal example is the RhoA-Rac1 circuit that regulates cell fate determina-
tion between amoeboid and mesenchymal phenotype. Here, we introduced a
biologically consistent, yet tractable, theoretical framework to model and
investigate GTPase-based gene regulatory circuits. We show that although
the modeling approach incorporates the details of GTPase activation/inactiva-
tion dynamics (GTP loading and hydrolysis reactions), it yields relatively sim-
ple effective circuit models. The efficiency of this new approach is illustrated
for the specific case of the Rac1-RhoA mutually inhibitory feedback loop. We
found that this simple two components unit can yield, for realistic circuit
380a Monday, February 17, 2014parameters, elaborate multistability with the coexistence of diverse stable
states. This can explain the experimentally observed plasticity of cell migration
and the existence of diverse phenotypes including blebby amoeboid, pseudeo-
podia amoeboid, lobopodia, blebby lamellipodia, mesenchymal lamellipodia,
mesenchymal filopodia.
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Anaerobic archaea M. acetivorans, a versatile salt-water adapted methanogen,
is capable of converting seven different organic molecules into methane. Utili-
zation of these substrates involves three main reaction pathways that are differ-
entially regulated by the organism depending on growth conditions. We have
developed a kinetic model for methanogenesis using RNA-seq data, single
molecule enumeration of protein abundance (SiMPull) and kinetic parameters
from literature the. RNA-seq data generated on different growth conditions was
also used to create a transcriptional regulatory model. Stochasticity in gene
expression is known to create heterogeneity in an isogenic population. Such
heterogeneity in transcriptional regulators, which are known to be present in
small copy numbers, can effect formation of different cell phenotypes allowing
cells in a colony to utilize different energy sources. Integrating the kinetic
model of methanogenesis with a transcriptional regulation model results in a
most comprehensive model for methanogenesis to date. We simulate this model
using reaction-diffusion master equation (RDME) based Lattice Microbes soft-
ware package to simulate monoclonal cells and study the variability in pathway
and substrate usage under environmental and industrial conditions. Simulated
behaviors allow identification and analysis of phenotypes that arise and the
resulting sensitivity of methanogenesis to protein copy number, substrate avail-
ability and transcriptional regulation noise. These results lay the groundwork
necessary for studying the individual behaviors to ultimately simulate a colony
of methanogens sharing space and resources.
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Homeostasis in skin epidermis, the first line of defense against potential dam-
age due to environmental exposures and external stress, is the key element of
epithelial tissue maintenance. It is known that cell proliferation in the basal
layer of skin epidermis is balanced with cell loss of terminally differentiated
cells in the outermost surface. It is fundamentally important to understand
the dynamic characteristics of the epidermal homeostasis, because understand-
ing the epidermal homeostasis is the first step toward unraveling the mecha-
nisms on skin diseases and cancer. In this work, we develop a computational
model to investigate how skin epidermal homeostasis is achieved through
cell proliferation, differentiation, and cell loss. As a recent study showed,
cell division, as well as cell loss events, is described as stochastic in our model.
Important factors such as cell size changes during the differentiation are
included in the model. Our results reveal that coupling effects are crucial in
maintaining skin epidermal structure. In particular, coupling effects both on
cell division and cell loss are required to maintain the epidermis. Our model
also predicts that mechano-biological coupling in basal progenitor cell division
has a dominant role in the epidermal homeostasis, as shown in a recent study
where, upon disruption of cell-cell junctions in skin tissue, proliferation and
apoptotic rates of epithelial cells are dramatically changed, leading to possible
disease states. Strong coupling effect on cell division leads to stable epidermal
structure with wider ranges of other parameters including cell loss rate and
coupling parameters in this study. Our model also predicts aberrant situations
that mimic skin diseases such as palmoplantar keratodermas (PPK) by varying
model parameters, which in turn confirms the existence and importance of
coupling effects. Hence consideration of mechano-biological coupling in the
tissue would also have high clinical relevance.
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At high specific growth rates, cells shuttle a large fraction of carbon through
fermentation rather than respiration at the expense of a large loss of potentialATP, even in the presence of excess oxygen. This phenomenon has been cate-
gorized in unicellular organism such as bacteria and budding yeast, as well as
cancer cells undergoing the Warburg effect. Is this strategy energetically inef-
ficient? Does it provide an evolutionary fitness benefit? We investigate these
questions through a coarse grained model governed by biophysical principles.
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Calcium signaling is a ubiquitous mode of biological communication, which
regulates a great variety of vital processes in living systems. Such a signal
typically begins with an elementary event, in which calcium ions bind to a
protein, inducing a change in the protein’s structure. Information can only
be lost, from what was conveyed through this initial event, as the signal is
further transduced through the downstream networks. In this work we analyze
the information flow through the initial event of calcium signaling. Consid-
ering the mutual information between the intracellular calcium concentration
as the regulatory input and the states of the calcium-binding proteins as the
output, we derive the structure of this system which would optimize the in-
formation transmission. To describe the calcium-binding process we use
the model of allosteric regulation, with two modifications that incorporates
(i) the possibility of a protein to be activated by a partial occupation of its
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Channelrhodopsin-2 (ChR2) is a light-activated, non-selective cation channel
endogenous to the green algae Chlamydomonas reinhardtii. The unique prop-
erties of ChR2 have made it a useful tool in the field of optogenetics. However,
the mechanism of ion conductance is not well resolved. Elucidation of the crys-
tal structure of the channelrhodopsin chimera C1C2 has provided structural
insight on the putative ChR2 ion conductance pathway. However, it is not clear
how the chimeric structure correlates to ChR2 function. To directly examine
the permeation pathway of ChR2, we have used a combination of molecular dy-
namics and two electrode voltage clamp. For our computational experiments,
we modeled ChR2 using the C1C2 crystal structure as a template and per-
formed steered molecular dynamics to pull a sodium ion through the proposed
conductance pathway. Our results indicate that several binding sites are avail-
able for sodium passing through the channel. In addition, we used cysteine
scanning mutagenesis and subsequent site-specific labeling to elucidate the
permeation pathway of ChR2. Combined, analysis of our experimental results
provides new insight into the mechanism of cation conductance by channelrho-
dopsin-2.
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We have previously described a two-component optochemical genetic
method for controlling both ion channels (LiGluR) and G-protein coupled re-
ceptors (LimGluR). The components, a cysteine mutant of the desired protein
and a photoswitchable tethered ligand (PTL), covalently bind to impart pre-
cise temporal and spatial control of protein function with light. We focus on
the PTL family of Maleimide-Azobenzene-Glutamate (MAG) compounds
that rely on the photoisomerization of the azobenzene moiety to change
conformation and thus present or remove the ligand (glutamate) from the
ligand binding domain. First generation MAG compounds are limited by
the requirement of UV light (380 nm) illumination, which poorly penetrates
tissue, and are bistable, requiring two specific wavelengths of light to toggle
between conformations. By changing the substitution on the azobenzene core,
the wavelength of trans to cis isomerization can be red-shifted and the ther-
mal stability of the cis isomer can be significantly reduced. Here we describe
the synthesis and characterization of a new red-shifted MAG compound in
conjunction with modified group II metabotropic glutamate receptors,
mGluR2 and mGluR3. Whole-cell patch clamp experiments on HEK293 cells
expressing the mGluR3 cysteine mutant labeled with the new MAG also ex-
pressing GIRK1 as an electrophysiological readout showed visible light
